Introduction
============

Early mortality in patients with acute massive pulmonary embolism (AMPE) is as high as 30--55% ([@b1-etm-0-0-6155],[@b2-etm-0-0-6155]). Mortality can be even higher when accompanied by shock and heart failure ([@b3-etm-0-0-6155],[@b4-etm-0-0-6155]). The reasons for ventricular dysfunction and failure in patients with PE remain unclear ([@b5-etm-0-0-6155],[@b6-etm-0-0-6155]). However, these patients are more likely to have myocardial damage and increased cardiac troponin I (CTnI) levels during heart failure ([@b7-etm-0-0-6155],[@b8-etm-0-0-6155]). Furthermore, the plasma troponin levels and extent of myocardial damage are significantly negatively correlated with the clinical prognosis in these patients ([@b9-etm-0-0-6155]). Therefore, investigating the causes and factors associated with myocardial damage in PE patients will aid in determining the clinical prognosis.

Since nitric oxide (NO) acts as a vasodilator (10--12), nitric oxide inhalation (NOI) is important for the treatment of massive pulmonary thrombosis (PT) ([@b13-etm-0-0-6155],[@b14-etm-0-0-6155]). NOI mitigates lung injury by reducing pulmonary hypertension and neutrophil migration, promotes endothelial integrity in the lung, improves pulmonary ventilation/perfusion, increases vascular density, and repairs vascular endothelial cells ([@b15-etm-0-0-6155],[@b16-etm-0-0-6155]).

NO is an important signaling molecule in the cardiovascular system and is considered to be a ubiquitous cardioprotective mediator ([@b17-etm-0-0-6155]). However, further research is required to determine whether NOI has a protective effect against myocardial damage in AMPE.

For further study of the mechanisms of AMPE, we prepared a rabbit model of AMPE and studied the release curve of CTnI, the relationship between CTnI and mean pulmonary arterial pressure (mPAP), and the impact of NOI on CTnI and mPAP.

Materials and methods
=====================

### Animals and grouping

A total of 30 healthy Japanese white rabbits (not restricted by sex) aged 6 to 9 months (weight: 2--2.5 kg) were provided by the Laboratory Animal Center, Medical Department of Hebei University. They were randomly divided into an experimental group (EXP; n=10) that did not receive any treatments, an AMPE control group (CON; n=10) that received urokinase (intravenous drip, 20,000 U/kg/2 h), and a treatment group (TRE; n=10) that received conventional thrombolysis plus NOI. This study was carried out in strict accordance with the recommendations in the Guide for the Care and Use of Laboratory Animals of the National Institutes of Health. The animal use protocol has been reviewed and approved by the Institutional Animal Care and Use Committee (IACUC) of Hebei University.

Preparation of the MPE animal model
-----------------------------------

### Blood sampling and preparation of artificial thrombus

Venous blood (2 ml) was sampled from the ear vein of each rabbit using an indwelling needle and was allowed to settle in a sterile culture dish at room temperature for 15 min. This was then placed in a constant-temperature water bath (70°C) for 30 min to promote blood clotting. Thrombi were then disinfected and cut into 1×7×1 mm emboli.

Under sterile conditions, anesthetic (20% urethane solution, 1.0 g/kg) was slowly injected into the ear vein of each rabbit. Rabbits were then prepared for a 2-cm conventional transverse incision in the anterior chest for tracheal intubation to protect the airway for spontaneous breathing and mechanical ventilation. After the right jugular vein and left external carotid artery were separated, while simultaneously exposing the left femoral vein, a homemade pulmonary artery catheter and a microvascular catheter (5-Fr TIG; Tyler Company, Japan) were inserted into the right jugular vein and left carotid artery, respectively. An oscilloscope was used for monitoring during placement in order to determine the positions of the catheter tips as indicated by high pressure waveforms, which reflected the length of pulmonary catheter insertion. During the experiment, physiological saline (0.3 ml/min) was continuously instilled through the pulmonary artery catheters using a microperistaltic pump. The two catheters were connected to a multi-channel physiological parameter analyzer (MP150; Biopac Systems, Inc., Goleta, CA, USA) through a pressure sensor. The mean arterial pressure and mPAP were controlled synchronously. The left femoral vein was also punctured for placement of a microcatheter for in-time rehydration and blood sampling. The prepared emboli (0.5 ml per injection) were then repeatedly injected (time interval=3 min) into the right jugular vein via the pulmonary artery catheter using a 5-ml syringe, followed by an infusion of physiological saline (2 ml), until the mPAP increased to 45 mmHg, the mean arterial blood pressure decreased to approximately 20--40% of baseline, and hypotension was achieved and maintained (approximately 55--60 mmHg blood pressure). AMPE modeling was determined to be successful when symptoms such as shortness of breath or dyspnea occurred and lasted for approximately 40 min, at which time the injection of emboli was terminated. During modeling, if severe dyspnea developed such that the process could not continue, short-term mechanical ventilation (SERVO-i infant ventilator, Rontgenvagen2, SE-17154Solna; Siemens Maquet Critical Care AB, Slona, Sweden) was performed (pressure: 20 cmH~2~O, respiratory rate: 28 breaths/min).

### Perfusion and observation of the results

When the experiment was completed after 48 h of successful modeling, the rabbits were perfused with ABS solution, with BIOPACK pressure monitoring (18--25 mmHg). The specific procedures were as follows:

### Anesthesia

The rabbit ear vein runs along the trailing edge. The fur covering the skin over the vein was pulled or cut off, and the skin was moistened with water. The vein was slightly rubbed or flicked using fingers to increase blood flow, then compressed at the ear root until the vein became engorged. After injection, the needle was pulled out and a cotton ball was used to apply pressure at the incision to stop bleeding.

### Fixation

Each rabbit was placed in the prone position on a laboratory table, with the limbs and jaws tightly fixed.

### Preoperative preparation

Fur was removed from the chest and abdomen, which were then coated with a layer of hair removal cream (using a medical cotton swab) for approximately 10 sec, and gently wiped using wet gauze until the fur was completely removed. Meanwhile, an ABS solution (80 ml) was prepared for future use.

### Surgery A

A 6-cm incision was made along the linea alba to expose the abdominal organs. The abdominal aorta was then gradually exposed, freed, and threaded for further use. The prepared heparin saline was then connected to the infusion device and needle. The needle was cut and the abdominal aorta was cannulated, followed by knotting and fixation. The inferior vena cava was cut short, and the infusion device was opened to rinse the blood vessels.

### Surgery B

When the liver appeared pale after washing, heparin-rinsing was stopped and 50 ml of acetone was slowly instilled until the lung tissue exhibited a color change and the inferior vena cava emitted a strong odor. The thoracic cavity and manubrium were then opened in order to ligate the superior vena cava. An inferior vena cava catheter was inserted above the diaphragm and connected to a BIOPACK multi-function pressure detector and the prepared ABS perfusion fluid. This was used to inject the perfusion liquid until the pressure rose to a point where it could not be reduced (18--25 mmHg), at which time the injection was stopped.

The specimen was then removed for micro-computed tomography (MicroCT; A00001514J; PerkinElmer, Inc., Yokohama, Japan). The lung and heart tissues were taken. After fixation with formaldehyde (Sigma-Aldrich; Merck KGaA, Darmstadt, Germany) and embedding with paraffin (Sigma-Aldrich; Merck KGaA), the tissue slices with thickness of 5 µm were prepared. The routine H&E staining was performed (Sigma-Aldrich; Merck KGaA). The Histomorphological changes were observed under DVM6 optical microscope (Leica Science Lab, Leica Camera AG Berlin, Germany). The sections with flaky aggregation of necrosis were defined as positive ([Fig. 1](#f1-etm-0-0-6155){ref-type="fig"}), and the rest were negative.

Groups CON and TRE underwent thrombolysis or thrombolysis+NOI 4 h after modeling. Simultaneously, mechanical ventilation was also applied with the concentration of inhaled oxygen at 50%.

NOI
---

### Method of NOI

After successful modeling, defined as when the mPAP of the rabbit reached 40%, and the rabbit developed shortness of breath or dyspnea for 4 h, mechanical ventilation was initiated. NO comprised 800 ppm of decompressed NO, N~2~, and air. When the concentration of NOI reached 10--20 ppm, a ventilator pipe was connected to the NOI pipe for invasive mechanical ventilation; the ventilator was set to pressure control mode (pressure: 20 cmH~2~O, respiratory rate: 28 breaths/min, oxygen concentration for mechanical ventilation: 50%). NOI was administered via a delivery system (Datex-Ohmeda, Madison, WI, USA). The level of methemoglobin was also monitored during the experiment and kept at \<0.3 g/l.

### Blood collection and determination of CTnI

Blood was sampled before treatment and every 4 h after treatment. The mean arterial pressure and mPAP were also monitored simultaneously.

The concentration of CTnI was determined using a microparticle chemiluminescence method and an automatic immunoassay analyzer. The kit was provided by Beckman Coulter, Inc. (Brea, CA, USA).

### Statistical analysis

The data were expressed as means ± standard deviation and were processed using SPSS for Windows, Version 21.0 (IBM SPSS., Armonk, NY, USA). Intergroup comparisons of Indices were performed using single-factor analysis of variance with Tukey\'s post hoc test and paired comparisons were performed with the q test. The pathological parameters were expressed by the positive rate, and were analyzed using Fisher\'s test. P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

All 30 rabbits were successfully adapted to the MPE model using this method (confirmed with MicroCT), with a 100% success rate ([Fig. 2](#f2-etm-0-0-6155){ref-type="fig"}).

### Pulmonary histopathological changes in the AMPE model

Histopathology revealed that the embolized pulmonary region was pale and ischemic; the non-embolized region is shown in [Fig. 3A](#f3-etm-0-0-6155){ref-type="fig"}. The pale region is shown in [Fig. 3B](#f3-etm-0-0-6155){ref-type="fig"}, in which large vascular emboli can be seen, and small vascular emboli are shown in [Fig. 3C](#f3-etm-0-0-6155){ref-type="fig"} (microscopy); the bleeding conditions around the embolized lung tissue are shown in [Fig. 3D](#f3-etm-0-0-6155){ref-type="fig"}.

### Cardiac histopathology

The right ventricle was enlarged, vasodilated, and congested ([Fig. 4A](#f4-etm-0-0-6155){ref-type="fig"}), and the right ventricular wall became thinner ([Fig. 4B and C](#f4-etm-0-0-6155){ref-type="fig"}); microscopically, the left ventricle exhibited myocardial necrosis ([Fig. 4D](#f4-etm-0-0-6155){ref-type="fig"}).

In 30 pathological slices in the EXP group, there were 27 slices of obvious myocardial necrosis. After thrombolysis, myocardial necrosis was still obviously increased, with no significant difference with the EXP group. The emboli could be seen intravascularly ([Fig. 4D](#f4-etm-0-0-6155){ref-type="fig"}). Thrombolysis+NOI significantly reduced myocardial necrosis. In 30 pathological slices, there were 8 slices of obvious myocardial necrosis, with positive rate of 27%. Only scattered necrotic areas could be seen, together with intravascular emboli ([Fig. 4E](#f4-etm-0-0-6155){ref-type="fig"}). High-power microscopy revealed more obvious changes in group TRE; myocardial necrosis could be clearly seen after thrombolysis ([Fig. 4F](#f4-etm-0-0-6155){ref-type="fig"}). Thrombolysis+NOI scattered necrosis was seen ([Fig. 4G](#f4-etm-0-0-6155){ref-type="fig"} and [Table I](#tI-etm-0-0-6155){ref-type="table"}).

### Concentration curve of CtnI

The curve of CTnI became positive 4 h after modeling, peaked at 18.8±4.5 h, and remained positive for 38±5.2 h; the peak CTnI concentration was 0.42±0.12 µg/l ([Fig. 5](#f5-etm-0-0-6155){ref-type="fig"}).

The peak CTnI concentration and mPAP were significantly correlated in rabbits with AMPE (r=0.98, P\<0.05; [Fig. 6](#f6-etm-0-0-6155){ref-type="fig"}).

### CTnI peak time and sustained positive duration

The CTnI peak time and sustained positive duration were significantly longer and the plasma peak concentration in group EXP was significantly higher when compared with groups CON and TRE (P\<0.047, P\<0.03); corresponding durations in group CON were significantly longer when compared to those in group TRE (P\<0.048, P\<0.036).

The CTnI peak concentration in group EXP was significantly higher than that in group CON (P\<0.039), and that of group CON was also significantly higher than that of group TRE (P\<0.014; [Table II](#tII-etm-0-0-6155){ref-type="table"}).

### mPAP

The post-modeling mPAP in group EXP slowly increased with prolongation of modeling time. The post-modeling mPAP in group CON gradually increased after thrombolysis, but gradually decreased after peaking. The post-modeling mPAP in group TRE increased slowly after treatment, then decreased, and was significantly different at 24 h (63.5±5.9, 58.1±5.5, P\<0.04), 28 h (61.2±5.7, 55.3±5.6, P\<0.03), 32 h (57.6±5.4, 52.5±5.3, P\<0.05), and 34 h (55.4±4.3, 51.3±4.2, P\<0.04) in group TRE when compared with group CON ([Fig. 7](#f7-etm-0-0-6155){ref-type="fig"}).

Discussion
==========

PE is common and is characterized by various clinical manifestations. Patients with AMPE have increased mortality and poor prognosis, which may be associated with myocardial damage. Studies have confirmed that CTnI is increased in PT, with peak concentration showing a significant correlation with mortality ([@b15-etm-0-0-6155]). Therefore, further investigate the status of impaired myocardium in PT, it is necessary to establish a PT-induced myocardial injury model. Our previous studies confirmed that directly injecting emboli into the pulmonary artery can rapidly increase pulmonary artery pressure, thus rapidly leading to myocardial necrosis; therefore, this method has a higher success rate for creating an AMPE model. Studies have shown that all rabbits with AMPE have accompanying myocardial damage, which is also associated with the formation of intravascular emboli. This has been confirmed by our pathological results. Therefore, the levels of CTnI in the rabbit model are significantly higher than normal (0.1 µg/l). Our studies also confirmed that CTnI becomes elevated 4 h after establishing the MPE model, peaks at 18.8±4.5 h, and remains elevated for 38.6±5.2 h. This differs from the release curve in patients with myocardial infarction, who exhibit an elevated CTnI 3 h after onset of symptoms, with the level remaining elevated for 10 to 14 days. Characteristic features include the late appearance of CTnI peak concentration and short duration of elevation, with no fluctuations. These features indicate that the mechanism of PT-induced myocardial damage is different from that in myocardial infarction-induced release of CTnI into the blood ([@b16-etm-0-0-6155],[@b17-etm-0-0-6155]).

In our study, the CTnI released into the blood in rabbits with MPE showed no significant correlation with the mean arterial pressure in the systemic circulation, indicating that myocardial ischemia and hypoxia-induced myocardial damage, which are caused by the reduction of average arterial pressure, are not the main cause of PT. This is consistent with previous studies showing that when MPE occurs, blood pressure decreases, but does not reduce coronary blood flow; therefore, there is no myocardial damage ([@b18-etm-0-0-6155]).

In our study, the CTnI peak concentration in AMPE was significantly correlated with the mPAP at the same time points, indicating that pulmonary hypertension plays a major role in the process of myocardial damage in rabbits with MPE ([@b19-etm-0-0-6155],[@b20-etm-0-0-6155]). It has been reported that when pulmonary arterial embolization occurs, platelet dysfunction also occurs, which then activates platelets and significantly increases thromboxane (TXA2) levels, thus leading to heart failure and circulatory shock. These vasoactive substances may partially account for myocardial damage in PT. However, the CTnI peak concentration is significantly correlated with the mPAP at the same time points, indicating that the increase in mPAP plays a major role in determining the degree of myocardial damage in AMPE ([@b21-etm-0-0-6155],[@b22-etm-0-0-6155]). Therefore, in PT, mechanical obstruction and vasoactive factors can lead to pulmonary hypertension. This increases the right ventricular post-load, which results in an increase in right ventricular work, causing myocardial ischemia and hypoxia; therefore, this plays an important role in the extent of myocardial damage and, in turn, patient prognosis. This is consistent with our findings. Our study showed that the pulmonary arteries in rabbits with MPE were widened and the right ventricle was enlarged, but the right ventricular wall became thinner. Although the mechanism of PT-induced myocardial damage is not very clear ([@b18-etm-0-0-6155]), it has been reported that the left and right ventricles are both involved ([@b21-etm-0-0-6155]). This is consistent with our findings. Combined with our studies, it can be deduced that the left and right ventricles are both involved; the right ventricle may mainly exhibit mechanical traction damage caused by the pulmonary hypertension-induced right ventricular post-load increase and thinning of the ventricular wall. However, the damage in the left ventricle may be mainly related to PT-induced platelet dysfunction, which activates platelets and significantly increases TXA2 levels. This causes cardiac vascular damage, intravascular thrombosis, myocardial ischemia/hypoxia, and myocardial necrosis. The above pathological changes have also been confirmed by our results.

After successfully creating the animal model, the mPAP increased slowly and remained at a high level within 48 h of modeling. This phenomenon is another indication that the development of pulmonary hypertension is not simply due to mechanical obstruction. As disease progresses, vasoactive factors play certain roles in the development of pulmonary hypertension. Hence, simple thrombolysis cannot immediately decrease the mPAP. With time, the mPAP increases to a peak, followed by a significant decrease. This may be caused by the shorter thrombolysis time; furthermore, when the emboli dissolve, the roles of vasoactive factors also gradually decrease ([@b23-etm-0-0-6155]).

Thrombolysis+NOI exhibited a similar change in the mPAP curve as a result of simple thrombolysis. However, with time, the mPAP increased slowly. This was mainly due to the role of NOI ([@b24-etm-0-0-6155]). NO is an endogenous factor that promotes vascular smooth muscle relaxation ([@b25-etm-0-0-6155]) with an obvious and rapid effect. Thus, the changes in the mPAP curves in groups TRE and CON are very similar. However, the mPAP changes at 24, 28, 32, and 34 h showed statistical significance between the two groups, indicating that NOI can significantly reduce pulmonary hypertension in AMPE, and that thrombolysis and NOI synergistically reduce pulmonary hypertension in AMPE.

A comparison of cardiac damage between groups TRE and CON shows that these two treatment methods can both shorten the CTnI peak time and duration of elevation, as well as reduce the CTnI peak concentration. This indicates that thrombolysis and NOI individually and synergistically have protective effects against MPE-induced myocardial damage; the mechanism of the latter is related to the fact that NO can significantly reduce pulmonary hypertension, restore platelet function, and reduce TXA2 levels ([@b26-etm-0-0-6155]).

In conclusion, pulmonary hypertension is not an independent factor, but is still a major factor leading to myocardial damage in AMPE. NOI can significantly reduce pulmonary hypertension and protect against myocardial damage, and exhibits a synergistic effect with thrombolysis.
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![H&E staining of myocardium. The arrow indicated the flaky aggregation of myocardial necrosis (magnification, ×200).](etm-16-01-0270-g00){#f1-etm-0-0-6155}

![MPE model MicroCT imaging. Arrows indicated the embolized pulmonary vessel. MPE, massive pulmonary embolism; MicroCT, micro-computed tomography.](etm-16-01-0270-g01){#f2-etm-0-0-6155}

![Pulmonary histopathological changes in the AMPE model. (A) Pulmonary gross anatomy. (B) Anatomy along the pale site revealed embolized pulmonary artery; (C) Emboli in the arteriola under light microscope (H&E, magnification, ×100); (D). Bleeding in the pulmonary tissue under light microscope (H&E magnification, ×100). Arrows indicated the embolized pale ischemic site. AMPE, acute massive pulmonary embolism.](etm-16-01-0270-g02){#f3-etm-0-0-6155}

![Cardiac histopathological changes in the AMPE model. (A) The right ventricle was enlarged; (B). the right ventricular wall became thinner; (C). the ventricular wall on the cross section became thinner; (D) there were large area of necrotic myocardium in the model group (H&E magnification, ×100). (E) Thrombolysis+NOI significantly reduced myocardial necrosis, and only scattered myocardial necrosis was observed (H&E magnification, ×100). (F) A large area of myocardial necrosis was revealed following thrombolysis (arrow indicated clumps of myocardial necrosis) (H&E magnification, ×200). (G) Thrombolysis+NOI markedly reduced myocardial necrosis. Arrow indicated scattered myocardial necrosis (H&E, magnification, ×100). AMPE, acute massive pulmonary embolism; NOI, nitric oxide inhalation.](etm-16-01-0270-g03){#f4-etm-0-0-6155}

![CTnI over time curve. CTnI concentration increased from 4 h after modeling, peaked at 18 h and then decreased until \>40 h. CTnI, cardiac troponin I.](etm-16-01-0270-g04){#f5-etm-0-0-6155}

![Correlation analysis of CTnI and pulmonary arterial pressure. There is a clear linear positive correlation between the pulmonary arterial pressure and CTnI. CTnI, cardiac troponin I.](etm-16-01-0270-g05){#f6-etm-0-0-6155}

![Mean pulmonary arterial curve. In group EXP, mPAP increased; in group CON, mPAP increased after thrombolysis then decreased after peaking; in group TRE, mPAP increased slowly after treatment, then decreased. EXP, experimental group; CON, control group; TRE, treatment group; mPAP, mean pulmonary arterial pressure.](etm-16-01-0270-g06){#f7-etm-0-0-6155}

###### 

Slices with obvious myocardial necrosis in different groups.

  Group (n)   Positive, n (%)   Negative, n (%)   P-values
  ----------- ----------------- ----------------- -----------------------
  EXP (30)    27 (90)           3 (10)            0.007 (EXP vs. CON)
  CON (30)    18 (60)           12 (40)           0.038 (CON vs. TRE)
  TRE (30)    10 (33)           20 (67)           \<0.001 (EXP vs. TRE)

*Positive indicated the slice was identified with obvious myocardial necrosis, whereas negative indicated no myocardial necrosis. EXP, experimental* group; CON, control group; TRE, treatment group.

###### 

Comparison of CTnI changes among the three groups.

                CTnI≥0.1 µg/1^[a](#tfn2-etm-0-0-6155){ref-type="table-fn"}^                                                                                                                         
  ------------- ------------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------- ---------------------------------------------------------
  EXP 10        10/10 (100)                                                   18.81±4.51                                                 38.62±5.22                                                 0.42±0.12
  CON 10        10/10 (100)                                                   15.13±3.21^[b](#tfn3-etm-0-0-6155){ref-type="table-fn"}^   34.10±3.53^[b](#tfn3-etm-0-0-6155){ref-type="table-fn"}^   0.31±0.10^[b](#tfn3-etm-0-0-6155){ref-type="table-fn"}^
  TRE 10        10/10 (100)                                                   12.42±2.43^[c](#tfn4-etm-0-0-6155){ref-type="table-fn"}^   31.04±2.22^[c](#tfn4-etm-0-0-6155){ref-type="table-fn"}^   0.21±0.06^[c](#tfn4-etm-0-0-6155){ref-type="table-fn"}^
  EXP vs. CON                                                                 \<0.05                                                     \<0.03                                                     \<0.01
  TRE vs. CON                                                                 \<0.05                                                     \<0.04                                                     \<0.04

CTnI ≥0.1 µg/1 is defined as CTnI-positive

compared with group EXP

compared with group CON. EXP, experimental group; CON, control group; TRE, treatment group; CTnI, cardiac troponin I.
